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1 INTRODUCTION  
1.1 FRAME OF RESEARCH AND MOTIVATION (INTEGRA FV) 

1.2 INTRODUCTION TO DMPPT SYSTEMS 
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1.3 STATE OF THE ART 
1.3.1 A BIT OF HISTORY 

1.3.2 THE MODERN PRODUCTS 


1.3.3 THE ACTUAL AND FUTURE MARKET OF DMPPT PRODUCTS 


1.4 SCOPE OF THE THESIS 

2 BASIC CONCEPTS OF PV SYSTEMS UNDER PARTIALLY 
SHADED CONDITIONS AND MLPE 
2.1 PV SYSTEMS MODELLING, CONFIGURATION, FAILURES AND 
LOSSES  
2.1.1 IRRADIANCE AND TEMPERATURE DEPENDENCE OF PV MODULES 
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2.1.2 EXTRAPOLATION OF I-V CURVES TO DIFFERENT IRRADIANCE AND 
TEMPERATURE VALUES 
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2.1.3 SHADOWS AND NON-UNIFORM IRRADIANCE 
2.1.3.1 Simulation methodology 
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2.1.3.2 Validation of the tool for simulating shaded I-V curves 
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2.1.3.3 Examples of the effects of shading over PV generators 
2.1.3.3.a Effects of shading on the shape of the I-V curve for different 
values of Vb  
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2.1.3.3.b Effects of shading on the I-V curve of PV generators when 
various sub-modules are shaded 
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2.1.3.3.c Effects of shading on the I-V curve of parallel strings 
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2.1.4 MPPT ALGORITHMS 
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2.1.4.1 MPPT efficiency 
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2.1.5 HOT-SPOTS 

2.2 APPROACHES TO DMPPT 
2.2.1 COMPARSION BETWEEN MICRO-INVERTERS AND POWER OPTIMIZERS 
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2.2.2  MICRO-INVERTERS 
2.2.3 POWER OPTIMIZERS 
2.2.3.1 DC/DC converters for power optimizers 
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3 THEORETICAL ANALYSIS OF PV SYSTEMS WITH DMPPT 
3.1 INTRODUCTION 
3.2 I-V AND P-V CHARACTERISTICS OF PV ARRAYS WITH POWER 
OPTIMIZERS 
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3.3 DC ANALYSIS OF A PV ARRAY WITH POWER OPTIMIZERS 
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3.3.1 EQUATIONS USED TO DESCRIBE THE FUNCTIONING OF POWER OPTIMIZERS 
IN PV ARRAYS 
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3.3.2 FUNCTIONING OF POWER OPTIMIZERS IN PV ARRAYS 
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3.4 POTENTIAL FOR COMPENSATION OF MISMATCH LOSSES WITH 
DMPPT SYSTEMS 
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3.4.1 SHADOWS 
3.4.1.1 Theory 
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3.4.1.2 Simulations 
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3.4.1.2.a Effects of the number of serially connected modules and the 
number of shaded sub-modules on DMPPT power gains 
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3.4.1.2.b Effects of the D/G ratio on DMPPT power gains 
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3.4.1.2.c DMPPT power gains in PV generators with parallel strings 
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3.4.1.3 Conclusions on attainable power gains with DMPPT 
3.4.2 MISMATCH OF ELECTRICAL CHARACTERISTICS 


3.5 LIMITATIONS IN THE COMPENSATION OF MISMATCH LOSSES IN 
PV ARRAYS WITH POWER OPTIMIZERS 
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3.6 CHOOSING THE MOST CONVENIENT DC/DC CONVERTER 
TOPOLOGY FOR POWER OPTIMIZERS 

4 EXPERIMENTAL ANALYSIS OF PV SYSTEMS WITH 
DMPPT  
4.1 THE SOLAR ARRAY SIMULATOR: SAS E4360 
 
 
 
  
  

4.2 MAIN WORKING PARAMETERS OF POWER OPTIMIZERS AT 
DIFFERENT CONDITIONS 
4.2.1 MODULES AT NORMAL OPERATION 
4.2.2 DECREASING IRRADIANCE OVER ONE MODULE (REACHING VO_MIN) 
0 20 40 60 80
0.8
0.9
1
1.1
1.2
Time (min)
M
(d
)
0 20 40 60 80
29
29.5
30
30.5
31
31.5
Time (min)
V
i(
V
)
0 20 40 60 80
3.5
4
4.5
5
5.5
6
Time (min)
Ii
 (
A
)
0 20 40 60 80
320
325
330
335
340
345
350
Time (min)
V
in
v
 (
V
)

4.2.3 INCREASING IRRADIANCE OVER ONE MODULE (REACHING VO_MAX) 
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4.3 I-V AND P-V CURVES, AND EFFICIENCY OF POWER OPTIMIZERS 
4.3.1 I-V AND P-V CURVES 
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4.3.2 EFFICIENCY MEASUREMENTS 
4.3.2.1 Efficiency of a prototype optimizer at different voltages 
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4.3.2.2 Efficiency of the SolarEdge optimizer 
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4.4 POWER GAINS UNDER SHADED CONDITIONS 


4.4.1 DESCRIPTION OF THE SYSTEM UNDER TEST 
 
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 
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4.4.2 PERFORMED EXPERIMENTS WITH APPLIED SHADOWS 
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4.4.3 CONCLUSIONS ON POWER GAINS 
4.5 MPPT EFFICIENCY   
4.5.1 MPPT STATIC AND DYNAMIC EFFICIENCY OF MLPE 
4.5.2 MPPT EFFICIENCY IN PRESENCE OF LOCAL MAXIMA 
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 
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 
 
 
 
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4.5.2.1 Theoretical analysis of local maxima in PV arrays 
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4.5.2.2 Nature of incoming shadows due to nearby objects 
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4.5.2.3 Measurements with a solar array simulator 
4.5.2.3.a Local Maxima at start-up 
SMA SB 2000-HF, Ingeteam Ingecon Sunlite 5.0 and Fronius 
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4.5.2.3.b Local Maxima during operation 
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4.5.2.4 Measurements in real PV systems 
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4.5.2.4.a Measurements at Magic Box 
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4.5.2.4.b Measurements at IES-Vallecas 
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4.5.2.5 Conclusions on MPPT efficiency in presence of local maxima 
 
 
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4.5.3 MEASUREMENT PROTOCOL PROPOSAL FOR TESTING MPPT ALGORITHMS’ 
CAPABILITY OF FINDING ABSOLUTE MPPS IN PRESENCE OF LOCAL 
MAXIMA 
4.5.3.1 Testing at inverter start-up 
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4.5.3.2  Testing during normal operation 
 
 
 
4.6  HOT-SPOT MITIGATION IN PV ARRAYS WITH DMPPT 
4.6.1 THEORETICAL ANALYSIS 
4.6.1.1 Theory 
4.6.1.2 Simulations 


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4.6.2 IN FIELD ANALYSIS 
 
 

4.6.3 CONCLUSIONS 

5 ENERGY GAINS IN PV SYSTEMS WITH DMPPT 
5.1 INTRODUCTION 

5.2 DESCRIPTION OF THE SIMULATION MODEL 
 
 
 
 
 
5.2.1 SOLAR RADIATION MODEL 
 (   )  
 ( )      (   𝑜   )
 𝑜    
  (   )    ( ) [(    )
(   𝑜  )
 
   
 
 
    𝑖  ]
 (   )   (   )   (   )
5.2.2 SHADING PROFILE MODEL 
  (   )  {
  (   )  𝑜       
  𝑜     𝑖  
   [        ]   [    ]
A(x,y,z) B(x,y,z) C(x,y,z) D(x,y,z) 
-0.1, -0.82, 2.76 -0.1, -0.32, 2.76 -0.6, -0.32, 2.76 -0.6, -0.82, 2.76 
5.2.3 I-V CURVE MODELLING 
5.2.4 SHADING LOSSES AND ENERGY GAIN ESTIMATION 
5.3 VALIDATION OF THE MODEL 
5.3.1 SHADING PROFILE MODEL 

5.3.2 I-V CURVE VALIDATION 
 5.4 PERFORMED SIMULATIONS 
  
 
 
 
 
 
 
 
 
 
 
   
            
     
   
            
          
5.4.1 IDEAL ENERGY GAIN SIMULATIONS 
5.4.1.1 Single-family household 
         
  
 
     
           
      
Resolution Max possible 
Energy 
Energy lost without 
DMPPT 
Max Gain ER EI 
1x1  
 
6.43 MWh 
559 kWh (8.69%) 46.6% 34.0% 3.24% 
2x2 534 kWh (8.30%) 42.0% 26.9% 2.44% 
4x4 531 kWh (8.26%) 41.9% 25.0% 2.26% 
8x8 539 kWh (8.38%) 42.0% 25.4% 2.33% 
16x16 541 kWh (8.41%) 42.0% 25.3% 2.32% 
Resolution Max possible 
Energy 
Energy lost without 
DMPPT 
Max Gain ER EI 

Obstacle Max possible 
Energy 
Energy lost 
without DMPPT 
Max 
Gain 
ER EI 
5.4.1.2 Building in an urban environment 
 ( )  
      [  (
 
   
)
  
]
   ( )
   (     )
  
      
   
Max possible 
Energy 
Energy lost without 
DMPPT 
Max Gain ER EI 
5.4.1.2.c New simulations with the modification of the installations 
topology 
Configuration Max possible 
Energy 
Energy lost without 
DMPPT 
ER EI 
Configuration Max possible 
Energy 
Energy lost without 
DMPPT 
ER EI 
5.4.2 ENERGY GAINS WITH COMMERCIAL MLPE 
 
 
o 
o 
o 
 
o 
o 
5.4.2.1 Single-family household 
 Maximum possible 
generation 
Output limit 
Losses 
MPPT Losses  
  
EI  
 (%) 
  Range Local 
maxima 
 
 Maximum 
possible 
generation 
Output limit Losses MPPT Losses  
  
EI  
 (%) 
  Range Local 
maxima 
 
 Maximum 
possible 
generation 
Output limit Losses MPPT Losses  
  
EI  
 (%) 
  Range Local 
maxima 
 
5.4.3 OTHER SIMULATIONS 
5.5 ENERGY GAINS IN REAL PV SYSTEMS 
 
5.5.1 METHOD USED FOR ESTIMATING ENERGY GAINS ON A REAL PV SYSTEM 
      
  
  
 [    (       )]
5.5.2 RESULTS OF THE ENERGY GAIN MEASUREMENTS IN MAGIC BOX 
     
 
    
 (        (     ))

5.6 SOME CONSIDERATIONS ON THE ECONOMIC VIABILITY OF 
DMPPT PV SYSTEMS 
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5.7 CONCLUSIONS 

6 AUTOMATIC FAULT DIAGNOSIS IN PV SYSTEMS WITH 
DMPPT 
6.1 INTRODUCTION 

6.2 PV SYSTEM FAULTS 
6.2.1 FIXED OBJECT SHADING 
6.2.2 GENERALIZED DIRT 
6.2.3 LOCALIZED OR IRREGULAR DIRT 
 6.2.4 HOT-SPOTS 
            
6.2.5 MODULE DEGRADATION 
6.2.6 DC CABLE LOSSES 
6.3 EXPERIMENTAL SET-UP AND MEASUREMENT SYSTEM 
6.4 FUNCTIONING PRINCIPLES AND EXPERIMENTAL VERIFICATION 
6.4.1 DATA STORAGE AND INITIAL CONFIGURATION 
Parameter Description Origin 
6.4.2 CLEAR DAY PROCEDURE 
       
         
6.4.3 DETECTION PROCEDURE AND ENERGY LOSS ESTIMATION 
6.4.4 DIAGNOSIS PROCEDURE 
6.4.4.1 Temporal failures and fixed object shading 

  𝑜    ( 𝑖     𝑖    𝑖  ) ( 𝑜     𝑜  ) 
 sin(γs) = sin(δ)∙sin( ) + cos(δ)∙cos( )∙cos(w) 
 h = w'∙cos(ψs) 
 d' = h/(sin(Δψs)) 
 d = d'∙cos(|ψs | - Δψs) 

6.4.4.2 Continuous failures 
 
 
o 
o 
o 
6.4.4.2.a Small localized dirt 

6.4.4.2.b Hot-spots 
6.5 CONCLUSIONS 

7 CONCLUSIONS AND FUTURE LINES OF RESEARCH 
7.1 CONCLUSIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.2 FUTURE LINES OF RESEARCH 
 
 
 
 
 
APPENDIX A 
ANALYSIS OF THE D/G RATIO IN MADRID AND SANTANDER 
 
 
 
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Annual distribution in irradiance of the D/G ratio
 on an optimal tilt for Madrid
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APPENDIX B 
SOLAR EDGE CASE STUDY 

APPENDIX C 
TORRE TITANIA  
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 Producción 
(MWh) 
Pérdidas 
totales 
(MWh) 
Pérdidas 
MPPT SE 
(kWh) 
Pérdidas           
MPPT SB 
(kWh) 
Energía 
recuperada 
Ganancia 
 DMPPT MPPT 
central 
 Rango Max 
local 
Rango Max 
local 
  
Ideal 2.38 1.98 2.44 
(55.2%) 
0 0 0 0 16.3% 20.1% 
SolarEdge
Local Sí 
2.32 1.93 2.50 
(56.4%) 
0.02 0 52.4 0 15.4% 19.9% 
SolarEdge
Local No 
2.21 1.67 2.76 
(62.4%) 
0 109 0 319 20.1% 33.2% 
 Producción 
(MWh) 
Pérdidas 
totales 
(MWh) 
Pérdidas 
MPPT SE 
(kWh) 
Pérdidas           
MPPT SB 
(kWh) 
Energía 
recuperada 
Ganancia 
 DMPPT MPPT 
central 
 Rango Max 
local 
Rango Max 
local 
  
Ideal 2.46 2.04 2.39 
(53.9%) 
0 0 0 0 17.8% 20.8% 
SolarEdge
Local Sí 
2.39 1.99 2.44 
(55.1%) 
0.02 0 52.1 0 16.7% 20.5% 
SolarEdge
Local No 
2.30 1.68 2.75 
(62.1%) 
0.06 95.0 0 360 22.6% 36.9% 
 Producción 
(MWh) 
Pérdidas 
totales 
(MWh) 
Pérdidas 
MPPT SE 
(kWh) 
Pérdidas           
MPPT SB 
(kWh) 
Energía 
recuperada 
Ganancia 
 DMPPT MPPT 
central 
 Rango Max 
local 
Rango Max 
local 
  
Ideal 2.58 2.13 2.30 
(52%) 
0 0 0 0 19.7% 21.3% 
SolarEdge
Local Sí 
2.51 2.08 2.35 
(53.1%) 
0.02 0 50.9 0 18.4% 20.8% 
SolarEdge
Local No 
2.42 1.71 2.72 
(61.4%) 
0.06 91.8 0 416 26.0% 41.2% 
 Producción 
(MWh) 
Pérdidas 
totales 
(MWh) 
Pérdidas 
MPPT SE 
(kWh) 
Pérdidas           
MPPT SB 
(kWh) 
Energía 
recuperada 
Ganancia 
 DMPPT MPPT 
central 
 Rango Max 
local 
Rango Max 
local 
  
Ideal 2.76 2.27 2.16 
(48.7%) 
0 0 0 0 22.5% 21.4% 
SolarEdge
Local Sí 
2.68 2.21 2.21 
(50%) 
0.01 0 56.9 0 21.2% 21.2% 
SolarEdge
Local No 
2.60 1.79 2.64 
(59.7%) 
0.01 86.3 0 486 30.7% 45.5% 
 Producción 
(MWh) 
Pérdidas 
totales 
(MWh) 
Pérdidas 
MPPT SE 
(kWh) 
Pérdidas           
MPPT SB 
(kWh) 
Energía 
recuperada 
Ganancia 
 DMPPT MPPT 
central 
 Rango Max 
local 
Rango Max 
local 
  
Ideal 3.06 2.63 1.80 
(40.6%) 
0 0 0 0 23.9% 16.4% 
SolarEdge
Local Sí 
3.0 2.56 1.87 
(42.1%) 
0.02 0 67.6 0 23.3% 17.0% 
SolarEdge
Local No 
2.90 2.05 2.37 
(53.6%) 
-0.01 92.5 0 574 35.8% 41.4% 
 Producción 
(MWh) 
Pérdidas 
totales 
(MWh) 
Pérdidas 
MPPT SE 
(kWh) 
Pérdidas           
MPPT SB 
(kWh) 
Energía 
recuperada 
Ganancia 
 DMPPT MPPT 
central 
 Rango Max 
local 
Rango Max 
local 
  
Ideal 13.24 11.05 11.09 
(50.1%) 
0 0 0 0 19.7% 19.8% 
SolarEdge
Local Sí 
12.9 10.77 11.37 
(51.3%) 
0.1 0 280 0 18.7% 19.9% 
SolarEdge
Local No 
12.43 8.9 13.24 
(59.8%) 
0.12 475 0 2155 26.7% 33.2% 
 
 Producción 
(MWh) 
Pérdidas 
totales 
(MWh) 
Pérdidas 
MPPT SE 
(kWh) 
Pérdidas           
MPPT SB 
(kWh) 
Energía 
recuperada 
Ganancia 
 DMPPT MPPT 
central 
 Rango Max 
local 
Rango Max 
local 
  
Ideal 3.62 3.42 1.01 
(22.8%) 
0 0 0 0 20.1% 5.91% 
SolarEdge
Local Sí 
3.60 3.33 1.10 
(24.7%) 
0.03 0 89.3 0 24.6% 8.1% 
SolarEdge
Local No 
3.53 2.71 1.73 
(39.0%) 
0 67.9 0 720 48.2% 30.8% 
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